Abstract-The design of neural prostheses to restore standing balance, prevent foot drop, or provide active propulsion during ambulation requires detailed knowledge of the distal sciatic nerve anatomy. Three complete sciatic nerves and branches were dissected from the piriformis to each muscle entry point to characterize the branching patterns and diameters. Fascicle maps were created from serial sections of each distal terminus below the knee through the anastomosis of the tibial and common fibular nerves above the knee. Similar branching patterns and fascicle maps were observed across specimens. Fascicles innervating primary plantar flexors, dorsiflexors, invertors, and evertors were distinctly separate and functionally organized in the proximal tibial, common fibular, and distal sciatic nerves; however, fascicles from individual muscles were not apparent at these levels. The fascicular organization is conducive to selective stimulation for isolated and/or balanced dorsiflexion, plantar flexion, eversion, and inversion through a single multicontact nerve-cuff electrode. These neuroanatomical data are being used to design nerve-cuff electrodes for selective control of ankle movement and improve current lower-limb neural prostheses.
INTRODUCTION

Background
Muscles innervated by the lower sciatic nerve control plantar flexion and dorsiflexion as well as inversion and eversion of the talocrural (ankle) joint and are therefore critical for standing balance and walking functions. The sciatic nerve originates in the lumbar and sacral spinal cord and supplies motor and sensory innervation to the lower limb. It has two major terminal branches, the tibial nerve and common fibular nerve. The common fibular (common peroneal) branches into the deep and superficial fibular (SF) nerves and is commonly targeted in neural prostheses used to correct foot drop [1] [2] [3] [4] [5] . The deep fibular (DF) branch innervates the tibialis anterior muscle, which dorsiflexes and inverts the foot. The DF nerve also innervates the extensor hallucis longus and extensor digitorum longus muscles, which primarily extend the toes and dorsiflex the foot, predominantly in non-weightbearing positions. Muscles innervated by the SF nerve (fibularis/peroneus longus and fibularis/peroneus brevis) evert and weakly plantarflex the foot and can counter the actions of tibialis anterior. The lateral sural cutaneous (LSC) and sural communicating branch nerves also originate from the common fibular nerve and have a sensory function that can elicit reflex activity. The tibial nerve innervates the soleus and gastrocnemius muscles, which plantar flex the foot, generate propulsive power for walking, provide a mechanism for the rocker actions of the foot and ankle, and retard uncontrolled tibial advancement. The gastrocnemius muscles also cross the knee joint and help avoid load bearing in hyperextension. Tibial nerve branches also innervate flexor digitorum longus and flexor hallucis longus, both of which flex the toes and plantar flex the foot, though mostly in a non-weightbearing position. The medial sural cutaneous (MSC) nerve, originating from the tibial nerve, has sensory properties that can elicit reflex activity.
Neural Prostheses for Ankle Control
Implantable neural prostheses for foot drop generally use nerve-cuff electrodes to activate the motor nerves and lift the foot, and some record sensory information to trigger stimulation [1] [2] 4, [6] [7] [8] [9] [10] [11] [12] [13] . However, most implantable neural prostheses provide only dorsiflexion to correct foot drop and do not provide active plantar flexion. Balanced dorsiflexion and active plantarflexion would improve the performance of neural prostheses for standing and walking after spinal cord injury and stroke. Detailed knowledge of the neuroanatomy and organization is required to design multicontact cuff electrodes able to selectively activate the muscles needed to achieve all of these functions and improve the functionality and cosmesis of lower-limb neural prostheses. Furthermore, accurate knowledge of target nerve morphology provides important design parameters for sizing and constructing cuff electrodes to avoid mechanical trauma and maximize stimulation efficiency [14] [15] [16] .
The fascicular anatomy of two human sciatic nerves has been examined by McKinley [17] and Sunderland and Ray [18] . However, these studies do not provide adequate detail to allow nerve-cuff design. Techniques are available to selectively activate individual fascicles or groups within a nerve and to mathematically represent the neural behavior in response to stimulation [19] [20] [21] . Selective stimulation allows control of multiple distal muscles at a single proximal location. Modeling and simulation studies based on the detailed femoral fascicular anatomy [22] have been successfully employed to design and optimize implantable femoral nerve-cuff electrodes [16] . This model-driven approach to designing selective electrodes for the femoral nerve has been verified intraoperatively [23] , and the resulting devices have been approved for human feasibility trials [24] . The first step in repeating this design and optimization procedure for the sciatic nerve is the specification of the fascicular structure of the branches that innervate ankle musculature.
The objectives of this study were to quantify the fascicular anatomy and morphology of the human lower sciatic nerve and to evaluate the potential of selective activation of ankle musculature with a multicontact nerve-cuff electrode. The fascicular structure of the lower sciatic nerve and the relationship of individual fascicles to distal nerve branches and terminal muscles will indicate the initial feasibility of selectively activating individual fascicles within the lower sciatic nerve using a single proximally located cuff electrode. This knowledge is critical for identifying the most desirable nerve-cuff electrode designs and placement sites.
METHODS
Nerve Morphology
Eight human sciatic nerves were examined in four formalin-fixed female cadavers (mean ± standard deviation 92.5 ± 5.7; 87-102 years old). Distances from the greater trochanter to the knee joint line and from the joint line to the lateral malleolus were measured bilaterally on each cadaver and were used as anatomical landmarks. The inferior gluteal nerve branch point was chosen as the proximal limitation for surgical dissection of the upper sciatic nerve. Three lower sciatic nerves were dissected and harvested for detailed analysis of fascicular organization and structure. Measurements of nerve lengths with respect to bony landmarks were made during harvesting with the nerve in situ to allow for preliminary surgical planning.
Sciatic nerve branches were traced and dissected at their insertion points. Because of their small size and variable location, the popliteus, plantaris, and fibularis tertius (absent in some people) nerves were not always identified. Nerve branches were isolated from proximal to distal and superficial to deep to minimize damage to the nerves. As a nerve muscle entry point was isolated, the muscle was detached from its tendons and reflected. This process was repeated until all sciatic nerve branches were exposed. Each main branch was carefully tagged with a suture to maintain orientation and identification during the dissection process.
The branching patterns of three sciatic nerves were examined and characterized by the order of branching both medial to lateral and proximal to distal. The branchfree lengths and circumferences of the sciatic nerves and each branch were measured during extraction. Branchfree lengths were later confirmed using images of harvested nerves that were scaled with Adobe Photoshop CS (Adobe Systems Inc; San Jose, California) and ImageJ (National Institutes of Health [NIH]; Bethesda, Maryland) software. Branch-free lengths were tabulated as the linear distances between branch points. Circumferences were determined by measuring the length of a suture passed around the nerve just distal to branching off the sciatic, common fibular, or tibial nerves.
Fascicular Anatomy
Post harvesting, each sciatic nerve was stored in 10-percent buffered formalin solution for preservation. Three sciatic nerves (left side of cadaver 1 [1L], left side of cadaver 2 [2L], right side of cadaver 2 [2R]) and their branches were sectioned to trace the fascicles from distal to proximal through the nerve. Five-millimeter-long transverse sections of the nerve were cut. Each section was marked with histopathology tissue dyes to indicate its orientation for processing and mapping. Sections were then embedded in paraffin and 5 µm thick cross-sections were mounted on slides and stained with hematoxylin and eosin.
Digital images of each cross-section were taken through an Olympus BH-2 microscope with an Olympus DP10 camera (Olympus; Tokyo, Japan) at 1.67 to 40× magnification. Using Adobe Photoshop CS, digital images were compiled into maps of the sciatic nerve with the images oriented proximal to distal down the page. Fascicular groups going to the tibialis anterior, gastrocnemius, and soleus muscles were identified and traced distal to proximal on the map. Fascicles of the LSC, sural communicating branch, and MSC nerves were also traced for completeness. Groups of fascicles going to the tibial, common fibular, DF, and SF nerves were later identified and traced. Tracing distances of these fascicular groups with respect to specified landmarks were tabulated and compared across three nerves and compared to results reported by McKinley [17] .
The number of fascicles in each nerve cross-section was counted. Trends in fascicular plexus formation and fascicular splitting within branch-free lengths were examined. The number of fascicles in all distal branches was found and compared with the number of fascicles in the lower sciatic immediately proximal to the bifurcation.
Nerve cross-sections from three lower sciatic nerves were outlined on digital images using modified NIHdeveloped ImageJ software. The area, major, and minor axes of each outlined nerve cross-section were determined. Effective diameter (D eff ) of each cross-section was calculated from the area assuming a circular geometry: D eff = 2 × (Area/p) 0.5 . Measurements of multiple nerve branches innervating the same muscle in one specimen were averaged.
RESULTS
Branching Patterns and Morphology
The branching pattern of the sciatic nerve was compared across three nerves (1L, 2L, 2R). An example of a full harvested sciatic nerve (2R) with its terminal branches is shown in Figure 1 (a). The pattern was fairly consistent with the exception of the branch innervating the long head of the biceps femoris muscle, which differed for one of the samples. The typical branching pattern of the sciatic nerve observed in this study is shown in Figure 1 (b). The branching point of sural cutaneous nerves was proximal to the joint line in all eight specimens. The MSC nerve branched off the tibial nerve at approximately the same location as the branches innervating the soleus and gastrocnemius muscles, while the LSC and sural communicating branch nerves branched off the common fibular nerve proximal to the bifurcation. Branch-free lengths of the sciatic nerve and distal branches are given in the Table. Branch-free lengths of the sciatic, tibial, and common fibular nerves from the bifurcation to the first branch were all greater than 2 cm, which is sufficient to accommodate currently available nerve-cuff electrodes. For clarification, the term distal sciatic nerve used hereafter refers to the sciatic nerve just prior to terminal bifurcation into the tibial and common fibular nerves.
The distances from the greater trochanter to the joint space of the knee and from the joint space to the lateral malleolus were 38.7 ± 4.4 cm (range: 31.4-45 cm, n = 8) and 36.1 ± 1.8 cm (range: 34.4-38.7 cm, n = 8), respectively. The bifurcation of the sciatic into the tibial and common fibular nerves occurred 8.1 ± 2.1 cm (range: 4.5-10.8 cm, n = 8) proximal to the joint space of the knee.
Average cross-section dimensions across three specimens of the sciatic, tibial, common fibular nerves, and their terminal branches are also shown in the Table. Nerves tended to be more elliptical than circular, with the major axis being 1.7 to 3.3 times larger than the minor axis, on average.
Fascicular Anatomy
Distal nerves were represented as individual fascicles or distinct fascicular groups and traced through sequential tissue sections to ultimately be outlined in proximal nerve sections; however, fascicular plexusing limited our ability to trace all individual fascicles proximally beyond the branching point of the tibial and common fibular nerves in all specimens. The most complete distal sciatic nerve was generated for specimen 2R and is shown in Figure 2 . Also highlighted are the functionally significant nerve fascicles for the selective ankle-joint movement sought in this study.
Fibular Nerve Fascicular Anatomy
The common fibular nerve bifurcates into the DF and SF nerves, responsible for predominantly dorsiflexion with * After harvesting, this branch (LSC/SCB) was more accurately identified as SCB and the unidentified cutaneous branch (?) was determined to be LSC.
inversion and predominantly eversion, respectively. In all three specimens, the DF and SF remained distinguishable proximally through the common fibular nerve and through the sciatic bifurcation (joint space to bifurcation distance: 1L = 9.1 cm, 2L = 10.5 cm, 2R = 10.8 cm; distance proximal to bifurcation: 1L = 2.0 cm, 2L = 3.0 cm, 2R = 3.5 cm). Note: Unmarked measurements were taken immediately after branching point. Non-branch-free length data given in second through fifth rows of Upper Sciatic portion of table are based on measurements from one specimen: 1L. Data for plantaris and popliteus branches are based on one specimen each: 2R and 1L, respectively. All other data were gathered from three specimens. Data reported as mean ± standard deviation. * Derived assuming circular cross-sections. † Measurement taken in middle of branch-free length. DF = deep fibular, dist = distal, LSC = lateral sural cutaneous, MSC = medial sural cutaneous, prox = proximal, SF = superficial fibular.
The sural communicating and LSC nerve fascicles could be traced proximally through varying portions of the distal sciatic in all three specimens, being lost to interfascicular plexusing in specimen 1L after 1.5 cm, 2L after 2.0 cm, and 2R after 2.5 cm. The fascicles to fibularis longus and fibularis brevis could not be distinguished separately after their anastomosis into the SF nerve because of interfascicular plexusing. The nerves to the extensor digitorum longus and extensor hallucis longus also could not be separated because of interfascicular plexusing. However, these two nerves as a group, along with the more distal DF nerve terminal branches in the foot, could be distinguished from the nerve to the tibialis anterior in two of the specimens (2L, 2R). This distinction could only be maintained for 5.5 cm (2L) and 6.5 cm (2R) progressing proximally in the common fibular nerve. However, these portions of the nerve were just proximal to the joint space, 2L by 0.5 cm and 2R by 1.5 to 2.0 cm. The nerve to the tibialis anterior could not be traced separately proximal to its anastomosis with the remaining DF fascicles in one specimen (1L) because of interfascicular plexusing.
With regards to consistency across specimens, the general pattern observed found the DF and SF compound nerve fascicles located adjacent to each other and the sural cutaneous branch and the LSC located on the periphery. This pattern was observed in all three specimens, and was consistent with McKinley's study [17] , though the latter had the DF and SF grouped together (Figure 3) . Sunderland and Ray's tracing of the common fibular was detailed in the distal nerve, but the fascicles became intermixed more proximally, making functional grouping impossible [18] , and hence was not shown for comparison. In addition to cross-specimen consistency, fascicular positioning was consistent along the length of the individual nerves themselves. This is shown in Figure 4 with specimen 1L.
Tibial Nerve Fascicular Anatomy
The tibial nerve initially gives off branches to innervate the gastrocnemius, the soleus, and the plantaris muscles-all of which function to plantar flex the talocrural joint. Thereafter, the tibial nerve continues distally to innervate deeper muscles and intrinsic muscles of the foot. The fascicles for the gastrocnemius and soleus muscles could not be separately identified proximal to their branch points from the tibial nerve in any of the samples. Given their similar function as weight-bearing plantar flexors, these fascicles were treated as a group for tracing purposes. This fascicular group for planter flexion was distinguishable proximally from the joint space past the sciatic bifurcation (joint space to bifurcation distance: 1L = 9.1 cm, 2L = 10.5 cm, 2R = 10.8 cm; distance proximal to bifurcation: 1L = 6.0 cm, 2L = 5.0 cm, 2R = 6.0 cm).
The MSC nerve could be traced proximally and separately through the tibial nerve and into the sciatic nerve with certainty in two (2L, 2R) of the three samples. In 1L, the labeling was less certain. It was possible to trace the MSC proximally from the anastomosis of the tibial nerve and common fibular into the sciatic nerve for about 1 cm, after which point interfascicular plexusing made separation difficult.
When comparing tibial nerve anatomy across specimens, consistency was evident between the group of fascicles innervating the gastrocnemius, soleus, and MSC located posterolaterally and the group of fascicles innervating the intrinsic foot muscles located more anteromedially. This is shown in Figure 5 , which also includes a sample harvested by McKinley [17] showing similar fascicular organization. Sunderland and Ray's tracings did not maintain separate, functionally distinct groups in any sections proximal to the joint space [18] and are not shown for comparison. In addition to cross-specimen consistency, fascicular anatomy appeared consistent within the individual nerves themselves, as shown in Figure 6 with specimen 2L.
Distal Sciatic Nerve Fascicular Anatomy
Fascicles of the common fibular nerve were separable from those of the tibial nerve in the distal sciatic nerve. There was consistency across the specimens in the distal sciatic nerve within 2 cm proximal to the bifurcation, such that tibial nerve fascicles were located medially and common fibular nerve fascicles were located laterally. The DF and SF nerve fascicles could be identified in the distal sciatic nerve in all three samples. The fascicles innervating musculature for plantar flexion (gastrocnemius and soleus) were distinguishable in the distal sciatic nerve. Cutaneous nerve fascicles (MSC, LSC, and sural communicating branch) were also identifiable in the sciatic nerve, with the exception of identifying the MSC and LSC in one sample (1L). Given the indistinct groupings of fascicles in Sunderland and Ray's cross-sections at the level of the tibial and common fibular nerves, distinct functional groups were not evident at the level of the distal sciatic [18] .
DISCUSSION
This study quantified the fascicular anatomy and morphology of the human distal sciatic nerve and the common fibular and tibial nerves. These results from three specimens expand our current knowledge from two previous specimens [17] [18] . The fascicular anatomy and morphology prove conducive to selective activation of ankle musculature and the generation of balanced dorsiflexion and plantarflexion with multicontact nerve-cuff electrodes. Selective activation would improve current neuroprosthetic systems for standing and walking after paralysis.
Anatomy and Morphology
The nerve branching patterns were consistent with general morphology [25] and the two previous studies, McKinley [17] and Sunderland and Ray [18] , with minor variations. There is sufficient branch-free length of the distal sciatic proximal to the bifurcation for nerve-cuff placement (Table: 5.1 ± 1.5 cm; range 3.7-6.7 cm). McKinley reported this distance as 12 cm [17] , and variability in the location of the sciatic bifurcation has been documented [26] . The branch-free lengths of the common fibular and tibial nerves were greater than 2 cm, also making them sufficient for current nerve-cuff electrodes (Table) . These three nerve locations are all above the knee, which is desirable to minimize the risk of mechanical damage and lead wire fatigue fracture.
Our measurements of nerve diameter and crosssectional areas are consistent with those reported by Bodily et al. [27] . However, dimensions of cross-sections in the nerve (sex unknown) examined by McKinley were consistently smaller than those found in our study [17] . We only examined female cadavers; nerve dimensions may be larger in men, who are more common candidates for neural prostheses for restoration of standing. The nerve dimensions may underestimate in vivo dimensions due to using formalin fixed cadavers and histological processing.
Fascicular Anatomy and Mapping
We were able to trace fascicles within the common fibular and tibial nerves; however, tracing all distal branches through the level of the distal sciatic was not possible in all specimens at the level of resolution (4-5 mm) used in this study. Higher resolution sectioning (250 m) improved tracing or identifying interfascicular plexusing in some nerve tissue sections. The observed fascicular anatomy was generally consistent with previous work [17] [18] at the distal branches of the sciatic, below the joint space. McKinley did not identify subgroups proximal to the sciatic bifurcation [17] , and Sunderland and Ray were unable to distinctly trace unique fascicles above the joint space because of interfascicular plexusing [18] . Although early studies reported difficulties tracing fascicular anatomy along nerves [18] , more recent work [28] and work from our laboratory [22, 29] has demonstrated that fascicular tracing is consistent in a number of peripheral nerves.
Both McKinley and Sunderland and Ray concluded that little functional grouping of motor fibers occurs other than that of the two main divisions, the common fibular and tibial nerves [17] [18] . Our results showed that fascicles innervating subgroups of these main divisions could be identified as functional groups within the common fibular nerve and the tibial nerve (Figures 3 and 5) . The DF and SF nerves were identifiable as individual fascicular groups within the common fibular nerve and within distal portions of the sciatic nerve (Figures 3 and  7) , indicating feasibility to separately target muscles primarily for dorsiflexion from those primarily for eversion. O'Halloran et al. reported fascicles in the common fibular nerve being organized in a comparatively mixed pattern, with fascicles from both the DF and SF nerves grouped together [9] . Tracing distal branches of the tibial nerve to the lower sciatic was possible for functional groups of nerves such as the group of primary, weightbearing plantar flexors (gastrocnemius and soleus) and the group including an inverter and weak plantar flexor (tibialis posterior) and other weak plantar flexors (flexor digitorum longus and flexor hallucis longus) (Figures 5  and 7) .
Clinical Implications
The anatomy and fascicular structure of the human distal sciatic, common fibular, and tibial nerves are conducive to selective stimulation with multicontact nervecuff electrodes. Separation of functionally organized groups of fascicles producing dorsiflexion, plantar flexion, inversion, and eversion suggests that these groupings can be selectively electrically stimulated. These data allow evaluation of interfacing locations such as the distal sciatic, proximal common fibular, and proximal tibial nerves. Nerve-cuff placement as far distally as possible ensures the best muscle activation selectivity; however, locations below the knee may have complications caused by lead wires crossing the joint [30] . Cuff placement proximal to the joint space may be more surgically accessible or stable. Modeling studies may be required to compare the efficacy of a single distal sciatic electrode versus two electrodes on the common fibular nerve and the tibial nerves.
In the proximal common fibular nerve, the DF, SF, and cutaneous branches (sural communicating branch and/or LSC branch) could be distinguished separately (Figure 3) . Such selectivity would allow for balanced dorsiflexion through stimulation of the DF with simultaneous innervations of the SF nerve to generate eversion off-setting any inversion produced by DF stimulation. O'Halloran et al. made similar conclusions about generating pure dorsiflexion without inversion or eversion through balanced activation of two channels to the groups of fascicles he observed in the common fibular nerve [9] . Multicontact nerve-cuff electrodes implanted in humans are available and provide balanced dorsiflexion in foot-drop applications [7, [11] [12] [13] , supporting the observed common fibular fascicular anatomy.
In the tibial nerve, the fascicular group for plantar flexors, the remainder of the motor tibial nerve, and the MSC nerve could be distinguished separately ( Figure 5 ). This selectivity would allow for isolated plantar flexion, or alternatively, balanced inversion via stimulation of the fascicular group containing the tibialis posterior among weak plantar flexors such as the flexor digitorum longus and flexor hallucis longus. These current findings offer means for enhancing nerve-cuff electrode functionality by adding selective plantar flexion and active push-off via tibial nerve stimulation. The addition of active plantar flexion would add a valuable level of control to improve both standing stability and active push-off for mobility.
The fascicular organization of the distal sciatic nerve suggests that ankle control may be possible at this location. In the distal sciatic nerve, fascicular groups for dorsiflexion, plantar flexion, inversion, and eversion were maintained over distances greater than 2.0 cm, supporting nerve-cuff placement (Figure 7) . While the gastrocnemius and soleus were not discernable individually at the distal sciatic (Figure 7) and proximal tibial nerve (Figure 6) , electrophysiologic testing could be used to delineate their exact locations. The fascicular organization of the distal sciatic nerve is conducive to ankle control with multicontact nerve-cuff electrodes.
The three distal sciatic fascicular maps reported here are being used for computer models developing nervecuff electrodes and evaluating potential interfacing locations. Designing models of nerve-cuff electrodes to selectively stimulate distal musculature using fascicular anatomy [16] has been accomplished using similar data for the femoral nerve [22] . These studies have led to intraoperative verification of the designs and approval for human feasibility trials [24] .
Limitations
Studying additional specimens from a more varied population would strenthen the generizability of the results. Although relatively few specimens were examined, comparable data are available from only two authoritative studies in the literature involving only a single sciatic nerve each [17] [18] . General guidelines about peripheral nerve organization have been derived from other published accounts using small numbers of samples in the past, and the morphology and fascicular anatomy results inferred from our study can be valuable in spite of the limited number of specimens examined. The histological sectioning approach used is labor and resource intensive, which limits the number of obtainable samples. As nondestructive imaging techniques improve, faster fascicular mapping may allow in vivo evaluation.
CONCLUSIONS
This study expands the knowledge of human sciatic nerve morphology and fascicular anatomy. The fascicular separation and organization confirms the feasibility of selectively achieving dorsiflexion at both the level of the proximal common fibular nerve and the distal sciatic nerve, while also balancing inversion and eversion. The ability to provide active push-off and balance with a single implant would improve current neural prostheses to restore standing and walking. The fascicular organization suggests that selective activation of the fascicles responsible for plantar flexion can be isolated and selectively stimulated at the level of the proximal tibial nerve and the distal sciatic nerve. These morphology and fascicular anatomy results can be used to design nerve-cuff electrodes for restoration of ankle function.
